The heat generated by the thermal destruction of fumes and combustible liquid wastes can be re 
A facility initially burning #6 fuel oil was con 
INTRODUCTION
The desire for a clean environment and the pas sage of more stringent emission regulations in the 1970's forced many manufacturers of industrial laminates to install thermal oxidizers to destroy the fumes emitted by their treating ovens, con sisting of phenolics and various types of solvents.
In addition to the burden of installing this equip ment, the cost of fuel required to operate these oxidizers could double the annual fuel budget of these plants, threatening to force them out of busi ness unless means were found to reduce these costs.
A laminate manufacturer in western New York
State had coal-fired boilers which would require emissions controls or conversion to expensive fossil fuels, in addition to having to install a fume incin erator and buy fuel for its operation.
A study found that thermal oxidizers with suf ficient capacity to destroy the fumes generated by the plant could also generate enough waste heat to supply the needs of the entire plant throughout the year, provided that the waste heat boilers were de signed to recover the heat efficiently and that the heat generated could be matched with steam demand at all times. This plant was designed and built by Combustion Equipment Associates (CEA), and ope�ated under contract from 1972 to 1979, after which the owner took over the operation. The facility was designed to handle up to 125,000 CFM (60 m3) of treater exhaust fumes at about 200 F (90 C), containing phenolic resins, ketones, toluene and other solvents, using five thermal oxidizer modules with four boilers for flexibility. The boilers, each having a capacity of 45,000 lb/hr (20 t/hr) of 150 psig (1,000 kPa) steam, were custom-designed by International Boiler Works with an optimum combination of finned and bare surface on the boiler and econo mizer to assure maximum thermal efficiency. The flexibility needed to accept the relatively fixed quantity of fumes discharged by the treating ovens, while delivering the highly variable steam demand of the plant simultaneously, was accomplished by control of total fuel input, while allowing the furnace temperature to vary. Average monthly data showed that the energy in the steam generated represented over 90 percent of the heat supplied in the fuel.
The burners and burner controls were designed to burn gas, fuel oil, waste solvents and acqueous wastes simultaneously and optionally, and in one furnace a Double-Vortex™ burner manufactured by CEA was installed to permit burning shredded wastes, including scrap plastics, canvas and paper from the laminate plant, and waste wood, battery cases and rubber tires brought in to augment the fuel supply.
The fuel embargo was declared just after the plant was started up. A search for alternate fuels was rewarded with discovery of millions of gallons of waste oils stored in the region. About three million gallons of miscellaneous waste fuels were burned during the winter of 1972/73. These wastes included aromatic and aliphatic hydrocarbons, alcohols, ketones and esters and polymeric resins, the latter containing significant amounts of mis cible water. Some of these wastes contained up to 5 percent chlorine. A system was developed to in ject caustic into the fuel as it was fed to the burner, to react with the chlorides within the flame envelope and convert the chlorine to salts or HCI which went up the stacks. The salts which condensed on the boiler tubes were washed off on weekends.
A Pennsylvania laminate plant, which had dis continued paper manufacturing, did not have as favorable a fume/steam balance. After extensive studies of the fume, thermal and power require-186 ments, CEA developed and offered a more sophisti cated heat recovery system, with a similar contract to design, build and operate the facility, which would destroy fumes from the phenolic treater ovens as well as aqueous and solvent wastes, gen erate all steam required for processing and space heating, and in addition co-generate power up to 500 kW using an existing steam turbine and dis charging to lower pressure steam mains.
Fume/load balancing was harder to accomplish here: steam presses produced erratic fluctuations in steam demand, seasonal space heating loads varied, and weekend loads fell sharply. Figure 1 shows the variation of monthly average steam load and the range of daily steam loads for a laminating plant.
DESIGN OF FUME SYSTEM
The equipment arrangement is shown in Fig. 2 . Fumes from six phenolic treating ovens are carried over the roof through sprinkler-protected ducts. Forced-draft fans are provided for each of the three modufes, to force the fumes through the fume pre heater to the thermal oxidizer burner, with draft controls to maintain duct pressure slightly negative to draw fumes from the treaters. Induced-draft fans, draft-controlled to maintain furnace pressure slightly negative, pull the combustion gases through the furnace, waste heat boiler and fume preheater, discharging to the stack.
The facility was provided with three Interna tional Boiler Works boiler/preheater modules, one a full spare, equipped with Double-Vortex pre-com bustors, which are well-suited to combustion of several fuels at once (see Fig. 3 ). Prime fuel (0.5 percent sulfur #6 oil), waste oil, and waste solvents can be burned at varying ratio and quantity up to boiler capacity, in retractable fuel guns, two in the pre-combustor and optionally in the furnace. A multi-nozzle gun injects aqueous wastes into either the combustor or the oxidizer, avoiding flame quenching and assuring complete destruction of wastes containing up to 95 percent water.
DESIGN OF THE STEAM SYSTEM
The steam schematic is shown in Fig. 4 . A steam pressure master-controller maintains 450 psig (3,000 kPa) steam pressure to serve the treating ovens, feedwater pumps and power turbine, while extrac tion, backpressure or reduced steam serves the 150 psig and 25 psig steam systems. 
THERMAL EFFICIENCY
Startup test data is listed in Table 1 Table 2 . Conventional burner control hardware is not suited to burning of liquid wastes which can be expected to contain abrasive and sedimentary ma terials, such as paint pigment and plain old dirt. Pumps with critical clearances, conventional control valves used to meter fuel to the burners, and burner nozzles wear out rapidly, requiring frequent replace ment and resulting in unreliable operation. High quality centrifugal pumps, pressure controls, and large-orifice burner guns have been found to be re liable. Steam atomization is used except for cold start.
COMPLYING WITH EPA/RCRA REGULATI ONS
RCRA regulations require preparation of mani fests for all shipments of liqUid wastes, assuring cradle to grave supervision: this record-keeping assists in assuring all parties that the waste is as described, and that it will be destroyed properly. EPA regulations require controls and alarms to prevent operation of the oxidizer under less-than satisfactory conditions. The EP A/RCRA objective of 99.9 percent combustion efficiency and 99.99 percent destruction efficiency should be easily achieved due to good atomization, efficient mixing, the ample retention time and high temperatures maintained in the refractory furnace.
RELIABLE, EFFICIENT, ECONOMICAL OPERATION
The facility has been operated with better than 99 percent reliability since it was started in Septem ber 1976. In 1980 alone 953,000 gal (3,607 m3) of waste oil at 140,000 Btu/gal (39,000 mJ/m3) and 2,030,000 gal (768 m3) of solvent waste at 100,000 Btu/gal (28,000 mJ/m3) were burned, while generating 260 million pounds (11,800 t) of steam. This indicates a steam generating efficiency of about 87 percent based on 1,000 Btu/lb (2,326 kJ /kg) of steam.
While the cost of # 6 residual oil rose from under $2 to almost $6 per million Btu in the last few years, the actual cost of the waste fuels stayed under $3 per million Btu.
Since the fumes are generated at a steady rate, efficiency of combustion is best achieved by main taining steady fuel firing rates. The steam accumu lator has proven to be effective in absorbing the short steam peaks so that the boiler controls could slowly accommodate the firing rate to basic changes in loading.
These are the operating principles for a plant of this type: keep a clean stack (monitored by the opacity indicator on the stack, which sounds an alarm); produce reliable steam; assept all fumes generated by the plant at all times; then, burn as much unreliable fuel as possible, watching for flame-outs and other operating difficulties.
FACTORS AFFECTING DESTRUCTION EFFICIENCY
It is important to quantify the factors which determine the temperature required to destroy particular liquid wastes.
The time/temperature/oxygen relationship actually required by a thermal oxidizer depends upon the design of the equipment used as well as the chemicals to be destroyed. Up to a point, re tention time can be decreased as the temperature and excess oxygen are increased, if preheat is used, speeding ignition, and if short-flame high-intensity burners, such as the Double-Vortex™ burner shown in Fig. 4 , are used. The facilities described above were designed for 0.5 sec retention at 1,400 F (760 C), based on the "rule of thumb" published in the EPA Engineering Manual [1] . Use of refrac tory brick good for service up to 2,800 F (1,500 C) has raised the potential furnace temperature, so that much higher destruction temperatures could be maintained if required. The furnace temperature for a given gas flow controls the amount of steam generated as shown in Fig. 5 .
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Figure 6 is based on data published Hemsath et al. [2] , showing the effect of retention time on the destruction of some typical solvents in a labora tory incinerator. The data points fall on a straight line when the logarithm of the parts per million (ppm) remaining, or the destruction efficiency, is plotted versus residence or reaction time. The de struction of the most difficult solvent, Toluene, was 99.99 percent with 0.3 sec at 765 C, but in creasing the temperature 65 degrees to 830 C re duced the necessary time to under 0. 1 sec. Figure 7 shows that increasing the furnace tem perature to 1,555 F (846 C) greatly reducing the reaction time. The effect of poor mixing is also illustrated here: when the concentration has reached about 10 ppm out of an original 2,000 ppm (99.5 percent destruction), additional time did not reduce the concentration because some of the material was able to pass through the reaction zone without attain ing the necessary temperature. Figure 8 shows more recent data published by Duvall et aL [3] on the thermal decomposition (destruction) of pentachlorobiphenyl (PC B) in a capillary reactor in different gaseous atmospheres. PC B is a particularly hazardous material for the same reasons that it is hard to destroy: it is ex-192 tremely stable. Thermal destruction (in pure nitro gen) is possible provided the temperatures are high enough (about 1,000 C). With 2.5 percent oxygen the destruction is complete at less than 850 C, and in air at about 750 C. Fume incinerators generally have an oxygen content well above 5 percent, hence these difficult materials would be destroyed within the normal operating range of operating tempera tures. Figure 9 shows that some chlorinated materials are formed at lower temperatures and decomposed at higher temperatures. The temperature at which SEC. 
DETERMINATION OF REACTION CONSTANTS OF WASTES
The reaction constants of wastes can be deter mined by laboratory tests in plug-flow (capillary tube) heated-wall reactors (4), by measuring the destruction as a function of temperature and resi dence time. Figure 10 shows the results of such a test, from which the reaction constants can be cal culated. Iri order for these constants to be used to predict destruction in an actual thermal oxidizer, some knowledge is needed of the degree of mixing which can be achieved with the actual burner/fur nace configuration.
Lee et aL [5] have presented mathematical methods for estimating the temperature required for several degrees of backmixing, using plug flow data as the basis. They suggest that a single stage of backmixing may be considered to be the worst case, and that actual equipment will produce re sults inbetween the extremes of plug flow and simple back flow.
Curves showing these extremes are shown in Due to the similar behavior of many chemicals,
relatively benign substances can be tested as surro gates for rarc, trace and hazardous substances, greatly simplifying testing. These principles also indicate that thermal oxidizers or incinerators with similar geometry may give similar mixing . and de struction efficiencies.
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